In contrast with the enormous amount of literature produced during many decades in the field of surfactant aggregation in liquid, liquid crystalline and solid phases, only a few investigations concerning surfactant self-assembling in the gas phase as charged aggregates have been carried out until now. This lack of interest is disappointing in view of the remarkable theoretical and practical importance of the inherent knowledge. The absence of surfactant-solvent interactions makes it easier to study the role of surfactant-surfactant forces in determining their peculiar self-assembling features as well as the ability of these assemblies to incorporate selected solubilizate molecules. Thus, the study of gas-phase surfactant and surfactant-solubilizate aggregates is a research subject which has exciting potential, including mass and energy transport in the atmosphere, origin of life and simulation of supramolecular aggregation in interstellar space. On the other hand, the structural and dynamic properties of surfactant aggregates in the gas phase could be exploited in a number of interesting applications such as atmospheric cleaning agents, transport and protection of pulmonary drugs or biomolecules and as nanoreactors for specialized chemical reactions in confined space.
The typical structural properties of surfactant molecules are the coexistence of spatially separated polar and apolar parts, elongated shapes, large numbers of conformations and anisotropic surfactant-surfactant interactions. The polar part is generally localized in a small domain of the molecule and is constituted by an ionic, zwitterionic or non-ionic hydrophilic group (the so-called surfactant head), whereas the apolar part is formed by one or more long and easily bendable hydrocarbon or fluorocarbon chains (the so-called surfactant tail).
Due to the competitive interplay of head-head, head-tail and tail-tail interactions, triggered by those with surrounding molecules, surfactants are able to self-assemble in the condensed phase leading to an impressive variety of organized aggregates (mono-and multilayers, ad-micelles, direct and reverse micelles, direct and reverse vesicles, water in oil and oil in water microemulsions and a number of liquid crystal phases) invariably characterized by a more or less extended positional and/or orientational order of the surfactant molecules and coexistence of polar and apolar nanodomains.
In particular, when surfactant molecules are dissolved in water or highly hydrophilic solvents, above a surfactantspecific critical concentration [critical micellar concentration, (CMC)], they aggregate as direct micelles, i.e. supramolecules characterized by an apolar core constituted by the surfactant alkyl chains surrounded by an external layer composed by the hydrophilic head groups in contact with the neighboring solvent molecules [ Figure 1(a) ]. It is widely recognized that, in such cases, the main driving force of the surfactant self-assembling is the hydrophobic effect. The same effect is also responsible for the formation at the water/air interface of an oriented monolayer of surfactant molecules so that the polar head groups are immersed in water while the alkyl chains protrude toward the gas phase, thus involving a marked lowering of the surface tension [Figure1 (b) ]. This should impact strongly on the fission of polar droplets as well as the ion emission and the solvent evaporation processes under typical electrospray ionization conditions, significantly influencing composition, charge state and abundances of the charged aggregates observed in the mass spectra.
On the other hand, when some surfactants are dissolved in apolar solvents, they form reverse micelles. In these aggregates, the surfactant molecules are assembled so that the head groups point toward the center of the aggregate while the alkyl chains protrude toward the external [ Figure 1(c) ]. This is because, in apolar media, interactions between polar groups dominate, being generally much stronger than those between apolar moieties. In contrast with aqueous solutions, surfactant molecules do not exhibit any affinity for the apolar medium/air interface.
It is worth noting that the presence of these aggregates dramatically influences the physico-chemical properties of solutions and interfaces. Besides, both in polar and apolar media, high surfactant concentrations, addition of appropriate compounds and temperature change frequently involve the transition from small spherical micellar aggregates to very long rod-like assemblies.
Surfactant self-assembling in condensed phases has been investigated to gain some hints on the origin of the life, 1 to realize exotic supramolecular organizations with various size, shape and functionality, 2 or to enhance our basic knowledge of colloidal chemistry. Moreover, the self-assembling peculiarities of surfactants have been exploited in many technological applications such as detergency, lubrication, emulsification, drug formulation, nanoparticle synthesis and catalysis.
It should be appreciated that applications of surfactantbased systems take their origin from the ability of surfactant aggregates to entrap in their interior host molecules so that their solubility, reactivity and/or physical properties in the system are modified. These effects can be modulated or amplified by the appropriate selection of the surfactant molecules. In fact, specific features, such as chirality, fluorescence and complex formation, can be conferred to the surfactantbased systems by changing the nature of the head group and the steric properties of the apolar moiety. Further effects General premises [ 34] T. Imae, R. Kamiya and S. Ikeda, "Formation of spherical and rod-like micelles of cetyltrimethylammonium bromide in aqueous NaBr solutions", J. Colloid. Interface Sci. 108, 215 (1985) . [35] Note in preparation [36] D. Bongiorno, L. Ceraulo, G. Giorgi, S. Indelicato, A. Ruggirello and V. TurcoLiveri "Supramolecular aggregates in vacuum: positively monocharged sodium alkanesulfonate clusters" Eur. J. Mass. Spectrom. 16, 151 (2010) .
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While the literature devoted to theoretical and practical aspects of the surfactant self-assembling in the condensed phase is enormous, quite surprisingly, investigations focused on the surfactant self-assembling in the gas phase as charged aggregates are scarce; notwithstanding the potential of these assemblies as gas-phase cleaning agents, vehicles of pulmonary drugs, chemical protection of biomolecules and specialized reactors for the synthesis of nanostructures.
The main basic knowledge to exploit these potentials concerns the structure and stability (size, shape, lifetime and details on fragmentation/coalescence processes) of such aggregates. Regarding these aspects, it should be emphasized that, being vacuum an apolar medium par excellence, it can be stated that the driving force of the surfactant molecule self-assembly is the interactions between head groups and counterions leading to the formation of reverse-micelle-like aggregates. 3, 4 However, some significant change with respect to these aggregates in the condensed phase can be expected as a consequence of charge state effects, absence of surrounding molecules and strong departure from equilibrium conditions. It is of interest that reverse micelles from the external appear as apolar objects showing a tendency to coalesce lower than polar ones. This tendency, involving an enhanced stability in the gas phase, is greatly amplified by the presence of the same extra charge on neighboring aggregates.
Other aspects of interest are basic knowledge related to the entrapment of solubilizate molecules, preferential solubilization sites and chemical reactions localized in a single organized aggregate. Mass spectrometric techniques assisted by appropriate molecular dynamic simulations appear wellsuited to furnish much of the necessary information on these topics.
In particular, the advent of soft ionization techniques, the main being fast atom bombardment (FAB), 5 electrospray ionization (ESI) 6 and matrix-assisted laser desorption ionization (MALDI), 7,8 makes mass spectrometry a powerful tool for investigations on non-covalently bonded surfactant-based aggregates.
In this respect, charged supramolecular aggregates of surfactants can be formed during the ionization and/or ion evaporation processes and they have a survival life long enough to be detected in several mass spectrometry experiments. This leads to gaining much important information on the aggregation processes, on the structure of the aggregates and on their reactivity and stability.
Up to now, several surfactants have been investigated using a wide variety of MS techniques. For reference purpose, a comprehensive list together with some relevant properties of their gas-phase aggregates is reported in Table 1 .
In the following sections of this review, a rationale of the main results obtained by the various researchers in this field will be furnished together with a short presentation of the experimental features and of the various spectrometric tech-niques able to gain useful information. Finally, open questions, future prospects and potentials will be examined.
Experimental background
While, comprehensive and detailed treatments of mass spectrometric techniques can be found elsewhere, [9] [10] [11] here we should like to highlight some instrumental and experimental features which are relevant for the study of surfactant aggregates.
Among the various ionization mechanisms, the ESI technique is the most suited for the generation of charged supramolecular aggregates with minimal dissociative impact on the integrity of surfactant molecules as well as on their associated forms. In particular, the strong tendency of surfactant molecules to form an oriented monolayer at the surface of the electrosprayed droplets of polar solutions and the related marked lowering of the surface tension should impact droplet fission, solvent evaporation and ion emission with significant effect on the structure, charge state and relative abundance of the observed aggregates. It is worth noting that, in the case of ionic surfactants, a marked difference in the ion emission probability for the counterion and the surfactant ion can be expected due to different mass and location within the nanosized droplets. Further effects could be expected for anionic and cationic surfactants with respect to the polarity mode. All these peculiarities should require appropriately chosen experimental conditions (preheating and sheath gas temperatures, electrospray tip and cone voltages, nature of the solvent, surfactant concentration etc.) in order to control aggregate abundances and charge states.
Moreover, since ESI works best with polar solvents, it is capable of separating charges in solution, enriching the small droplets either in positive or in negative species and favoring the formation of the corresponding charged aggregates. The progressive concentration increase in the surfactant due to solvent evaporation is also a process that favors micelle generation and/or conservation in the gas phase, with a minimum amount of internal energy excess. Large aggregates are thus easily detected with this technique, even using solutions where the surfactant concentration is below its CMC. It is of interest that the maximum aggregation number increases significantly with flow rate and/or surfactant concentration. 12 Tandem mass spectrometry (MS/MS) and energy resolved mass spectrometry (ER-MS) are both useful and mostly complementary techniques in order to gather information on the aggregate structure, stability and fragmentation pathways. This information is of fundamental interest to test appropriate theoretical treatments and to develop novel applications.
As well as ESI, the MALDI technique proved to be a useful tool to evidence surfactant aggregation pathways during the ionization process. This technique can be considered a true alternative to ESI, which struggles with apolar media, when the information on supramolecular aggregates are acquired from lipophilic solvents. Infrared multi photon dissociation (IRMPD) spectroscopy 13 is a technique that, by applying a wavelength tunable IR laser to fragment molecules in the gas phase, allows structural information to be obtained about selected ions. Recently, IRMPD has been used in MS applications as a method to induce wavelength-dependent fragmentation on non-covalently selfassembled aggregates. 14 Ion mobility mass spectrometry (IMMS) 15 is able to separate charged species with the same m/z value and different shape, exploiting their drift time in a gaseous environment under the same electric field; thus also allowing the determination of an interesting structural parameter, i.e. their collision cross section.
Historic introduction
To the best of our knowledge, the first observation of surfactant aggregates in the gas phase using a mass spectrometric technique was reported by Weber et al. in 1982. 16 By means of field desorption (FD) and collisional-activated dissociation (CAD), some mixtures of cationic, anionic and non-ionic surfactants were analyzed. Even if the main aim of the work was to gain a straightforward and unequivocal structure elucidation of these compounds, the appearance of some charged surfactant aggregates with n < 6 both for cationic and anionic surfactants was also reported. It is of interest to note that no aggregate formation was observed in the case of non-ionic surfactants.
In 1984, Lyon et al. 17 developed the first FAB-MS/MS method (fast atom bombardment in connection with MS/MS experiments) for the investigation of surfactant aggregates in the gas phase. The authors observed that some anionic surfactants, such as alkylsulfates and alkylsulfonates, display a typical mass spectrum characterized by the presence of a series of monocharged aggregates with an aggregation number in the range 1 ≤ n ≤ 7 in positive ion mode. A shorter n range (1-4) was found for alkylbenzenesulfonates and xylenesulfonates.
In order to gain structural identification of some surfactant classes (alkyl and alkylarylsulfonates and sulfates, alkyl ether sulfates, a-olefin sulfonates, sulfosuccinatediesters, N-acylated amino acids and fatty acid salts) MS/MS experiments were performed. The CAD spectra (in positive or negative ion mode) provided structural characterization of surfactant molecules and allowed a rapid identification of these compounds.
The first experimental report based on the ESI technique of surfactant solutions in water or 1:1 methanol/chloroform mixture, assuring the formation of charged surfactant aggregates in the gas phase, is that of Siuzdak and Bothner. 18 The surfactants employed in this study were 3-[(3-choloamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), sodium dodecylsulfate (SDS), sodium octylsulfate, octylamine, sodium taurodeoxycholate, sodium taurocholate and cholic acid. The importance of these studies in connection with their impact on the origin of the life, for the gas phase transport of hydrophilic substances and as specialized reaction sites was highlighted. The authors observed multi-charged aggregates of surfactants with aggregation numbers up to n = 12 and charge state up to +4. They performed MS/MS experiments on selected ions at two declustering potentials, 50 V and 150 V. The fragmentation results of aggregates under low declustering potential are consistent with mono-and multicharged species (+1 to +4) losing neutral or charged monomers. Fragmentation of ions isolated at high declustering potential shows that only singly charged species are present under these conditions and they lose neutral species (monomers or n-mers).
We notice that, in all these early investigations, no hints about the possible structural organization of these surfactant aggregates is suggested.
The mirror effect
After these first reports on the occurrence of charged surfactant aggregates in the gas phase with a life-time scale larger than that of mass spectrometric experiments, some questions relating to the phenomenology were handled.
Aiming to find a correlation between solution and gasphase surfactant aggregates (the so-called mirror effect), Nohara et al. 19 reported measurements of the gas-phase weight of micelles using ESI-MS of solutions, prepared by dissolving octyltrimethylammonium bromide in pure water at a surfactant concentration of 0.5 M, about four times its critical micellar concentration. The nominal mass of gas-phase aggregates was found to be in agreement with that observed in aqueous solution.
However, in the same paper, the authors recognized that, since the ESI process involves a marked desolvation, some misgivings could arise on the claim that gas-phase aggregates mirror those in the condensed phase. The absence of the solvent medium and the presence of an extra charge can profoundly affect the surfactant aggregation state in the gas phase. It is of interest that water was employed as the solvent in contrast with the general knowledge that this solvent is not well-suited for ESI experiments.
In a subsequent article, Nohara and Bitoh 20 analyzed an aqueous solution of decyltrimethylammonium bromide (DTAB) using ESI-MS at a surfactant concentration of 0.1 M, which is about twice the critical micelle concentration of this surfactant in water. The importance of setting the experimental conditions properly was underlined. In particular, the bias imposed between the capillary and skimmer resulted in a critical parameter for the formation of gas-phase aggregates and the control of their charge state. It was also suggested that surfactant aggregates produced in an ESI source include both micellar structures in which monomers are bound by specific interactions and aggregates characterized by nonspecific, non-oriented associations. They claimed that these weakly bonded aggregates were dissociated by application of an appropriate cone voltage through soft collisions whereas micellar aggregates survived, maintaining their structure, and are observed in the mass spectrum. The mean molecular mass of DTAB micelles, calculated by mass spectral analysis, overlaps with the value obtained using the light-scattering method in the condensed phase.
Cacace et al. in 2002 21 reported extending their studies on micellar bile salt solutions into the gas phase by utilizing ESI-MS. The dependence of spectral features on the experimental conditions was noted, in particular on the cone voltage, and that in positive ion mode the surfactant aggregation is favored with respect to that in negative ion mode. The question was also raised as to whether the distribution of ionic species in the MS spectrum really reflects the aggregation state in solution or if it is the result of fragmentation processes (more effective at higher cone voltage values and for highly charged ions) and/or aggregation processes. ESI spectra of aqueous sodium taurocholate solutions at zero cone voltage showed aggregates up to 80 molecules with charge states ranging from +1 to +9. This was taken as an indication that higher charge states result from aggregation processes occurring during droplet electrospraying. On the other hand, the predominance of singly charged aggregates at high cone voltages (200 V) was attributed to post-source depolymerization processes.
The interactions between homogeneous and heterogeneous mixtures of phospholipid molecules by ESI-MS were studied by Hanson et al. 22 It was observed that, under appropriate experimental conditions, self-assembling in the gas phase of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) leads to very large aggregates with an aggregation number up to 90. The occurrence of complexes between phospholipids and apolipoprotein C-II, a phospholipid binding protein, was also observed. These experimental findings were taken as an indication that the association processes observed in the gas phase reproduce, at least in part, those occurring in solution.
The possibility of transferring a protein-surfactant complex into the gas phase was reported by Ilag et al. 23 The complex between EmrE (Efflux-multidrug resistance protein), a multidrug transporter extracted from E. coli, and the surfactant dodecylmaltoside (DDM) was examined by ESI mass spectrometry and, to explore the dissociation of the complex, MS/ MS applying a raising collision cell voltage was carried out. The mass spectra show the occurrence of DDM clusters and the sequential release of TPP + (tetraphenylphosphonium, a cationic substrate of the protein) and EmrE from the complex as the collision cell voltage is increased. Thus, it was claimed that the functional dimeric species of EmrE must be preserved in the gas-phase as in solution.
Regarding issues concerning the nature of the aggregates observed and to the extent that the protein-micelle complex is maintained in the gas phase, the authors proposed that the broad peaks observed in the mass spectra correspond to heterogeneous sub-micelles formed from collapse of the intact protein-micelle complex during the transition from the ESI source to the high vacuum of the analyzer.
The influence of an increasing concentration of ethanol in aqueous solutions containing sodium cholate on its gas phase aggregates has been investigated by Nohara et al. 24 using ESI-MS. The authors attempted to answer the question of whether the acquired ESI mass spectra correctly represent the actual expression of the molecular aggregates in the original solution and, in particular, about the role played by ESI in possible dissociation processes of aggregates and in the formation of new aggregates, absent in the original solution. The results show a strong linear dependence on the ethanol content of the sodium cholate aggregate distribution. The authors claimed that the ESI method might represent a useful tool for determining the micelle mass in the original aqueous phase, even in the presence of ethanol, since the average aggregation numbers calculated by ESI-MS are in good agreement with those reported in the literature.
Another surfactant scrutinized to study its self-assembly in the gas phase is sodium bis (2-ethylhexyl) sulfosuccinate (AOTNa); this surfactant is characterized by the presence of two hydrophobic chains that, in apolar solution, guarantee the reverse micelle formation (Figure 2 ). [25] [26] [27] [28] [29] AOTNa was first investigated using FAB-MS by Lyon et al., 17 both in positive and in negative ion mode. The observed spectra were mainly characterized by prominent peaks due to monomeric species; [AOTNa + Na] + at m/z 467 and [AOT]at m/z 421, respectively. These species were accompanied by less abundant aggregates with an aggregation number up to 3.
Larger aggregates were observed in the mass spectra of AOTNa reported by Bongiorno et al., 12 using both MALDI-MS (in positive ion mode) and ESI-MS (in positive and negative ion mode). In MALDI-MS, spectra with an aggregation number up to eight were observed, whereas ESI-MS spectra showed large surfactant clusters with an aggregation number up to 22 in polar media as well as in apolar media [ Figure 3 ].
It was noted that the full scan ESI spectra of AOTNa solution gave similar results using a hexane or water/methanol (1:1) mixture as the ESI solvent. Further ESI experiments, at various flow rates and below the surfactant CMC, showed that higher flow rates involve the appearance of larger aggregates. These findings were taken as an indication that the gas-phase aggregates do not reflect the aggregation state of AOTNa molecules in the starting solutions.
Recently, aiming to ascertain the capability of the ESI spectra to mirror the aggregation state of AOTNa in solution, ESI (+)-MS, ESI (+)-MS/MS, ER-MS and IRMPD experiments of AOTNa solutions in various solvents with different polarity, i.e. water, water/methanol, methanol and n-hexane, have been carried out. 30 AOTNa was chosen due to its capability to form direct micelles in polar media and reverse micelles in apolar media. It was found that, independent of the nature of the ESI solvent, the survival yield (SY) curves of the n-mers (n = 3-6) as well as the yield (Y) curves of the fragment ions overlap substantially. This behavior is clear evidence of the structural identity of AOTNa aggregates in the gas phase, independent of the solvent employed in the starting solution. As a representative example, in Figure 4 the SY and Y curves for 5-mer are reported.
On the other hand, operating at fixed experimental conditions, the ionization efficiency was strongly impacted by the nature of the ESI solvent. It is of interest that a linear relationship between the ion abundance and the solvent dielectric constant has been observed ( Figure 5) .
In order to gain additional support, infrared multiphoton dissociation (IRMPD) 13 (Figure 6 ). No significant differences are observed, emphasizing once again the lack of any memory effect of the AOTNa aggregation state in the starting solution.
spectra of the [AOT 3 Na 4 ] + species obtained by ESI from infusion of the AOTNa solutions in
Using a particular experimental set-up that allows the study of very large aggregates, 31, 32 Sharon et al. 33 reported the appearance of assemblies of cetyltrimethylammonium bromide (CTAB) in ESI-MS spectra using surfactant solutions in water or hexanol above and below the critical micellar concentration. The presence of aggregates with an aggregation number up to several hundred, much higher than that observed in dilute aqueous solutions (n = 91), was observed.
This behavior was rationalized in terms of the formation of large rod-like aggregates, both as direct or reverse micelles, reflecting those occurring in solutions under appropriate experimental conditions. In the presence of myoglobin in the starting solution, the occurrence of large reverse micelles encapsulating only one myoglobin molecule was observed. Thus, it was claimed that micellar structures can survive during electrospray conditions, without changing the orientation of the surfactant molecules and that the protein molecules remain encapsulated within reverse micellar structures. MS/MS spectra obtained by varying the ratio of aqueous and organic phases in the solution showed that most of the direct micelles are detected as ionic species that exchanged bromide ions with acetate ions from the solvent buffer, while no ion exchange occurs in the case of reverse micelles.
In conclusion, a general consensus on the mirror effect has not been achieved until now, probably due to the variety of experimental conditions, surfactant nature and size of aggregates. Indeed, different behavior can be expected for small and large aggregates, the latter being less prone to change their aggregation pattern in solution when they are transferred into the gas phase.
Structure and stability of surfactant assemblies in gas phase
In order to study the structure of AOTNa aggregates in the gas phase, Bongiorno et al. 12 carried out ESI experiments on a magnetic sector instrument with the following experimental conditions: accelerating voltage 4 kV; needle voltage 6400 V; cone voltage 40 V. Under such an experimental set-up, the ESI(+) and ESI(-) spectra of AOTNa, both in polar and apolar media, almost exclusively showed singly charged species. This, supported by theoretical calculations, was taken as an indication that surfactant molecules self-assemble, forming reverse micelle-like structures. According to this model, the Na + ions act as glue for the AOTpolar heads stabilizing the clusters.
The formation of reverse micelle-like structures the in gas phase was also evidenced by Giorgi et al. 14 Close similarity between ESI-IRMPD spectra of AOTNa aggregates in the gas phase and infrared spectra of AOTNa reverse micelles in carbon tetrachloride has been found ( Figure 7 ). Spectral shifts of surfactant head group signals have consistently been attributed to some differences, mainly due to the charge state, between the small aggregates sampled in the gas phase and those in CCl 4 solution.
Another piece of information has recently been obtained by preliminary ion mobility 15 measurements. It has been observed 35 that each AOTNa aggregate species with a given m/z value is associated with a single drift time, which increases with n. Such an unequivocal result strongly supports that, at least for AOTNa, a unique structure should be assigned to each charged aggregate, ruling out the existence of multiple aggregation motives. [18] [19] [20] With the aim of investigating the influence of the tail on the aggregation process in the gas phase, a series of amphiphilic compounds having an alkyl chain (R) of different lengths and the same polar head (sodium methane-, sodium butane-and sodium octane-sulfonate) was studied by ER-MS experiments and DFT calculations. 36 It was found that the ESI-MS spectra of sodium alkane sulfonates monomerically dispersed in the starting solutions were largely dominated by monocharged species, with n up to 22. The ESI-MS/MS experiments, carried out by selecting [(RSO 3 ) n Na n + 1 ] + for alkane sulfonate clusters and [AOT n Na n + 1 ] + for AOTNa as the precursor ions, were characterized by formal losses of neutral monomer and/or n-mers. This typical behavior for the AOTNa 5-mer in positive-and in negative ion mode is shown in Figure 8 .
Moreover, MS/MS spectra of AOTNa were characterized by a fragmentation process involving the loss of C 8 H 16 (112 Da) through hydrogen rearrangement only at high collision energies.
The center of mass collision energy required to dissociate 50% of monocharged aggregates (KEcom 50% ), determined using ER-MS experiments, as a function of the aggregation number tend to converge at a constant value when n > 6. This finding shows that the formation and stability in vacuum of singly charged aggregates of alkane sulfonates and AOTNa are scarcely influenced by the alkyl chain length and are mainly determined by electrostatic attractive interactions between the sodium counter ions and the sulfonate groups. Optimized geometries of tetramers of metan-, butane-, octane-sulfonate and AOTNa were obtained by DFT computational studies. The most favored arrangement showed an internal hydrophilic core constituted by polar head groups and sodium counter ions surrounded by a hydrophobic layer formed by alkyl chains pointing outwards (Figure 9 ).
Later, using a similar approach, Bongiorno et al. 37 showed that the behavior of negatively charged aggregates is similar to that of the corresponding positive aggregates. The ESI (-) MS data showed large [(RSO 3 ) n Na n -1 ]aggregates with n up to 25. Analogously to AOTNa, 12 ESI (-) MS/MS spectra were characterized by the consecutive losses of neutral monomers as the main decomposition pathway. The absence of solvated species in both positively and negatively charged aggregates is further evidence that surfactant-surfactant interaction is stronger than a surfactant-solvent interaction.
The observation that KEcom 50% of positive ions is larger than that of negative ones at the same n indicates that they are the more stable. This could be rationalized in terms of additional bonding interactions occurring with the extra sodium ions for positively charged aggregates. 37 Accordingly, molecular dynamic calculations on AOTNa aggregates in vacuum indicate the following stability order: 38 [AOT n Na n+1 ] + > [AOT n Na n ] > [AOT n Na n-1 ] -. The same stability order should be foresee for all the anionic surfactants, whereas the opposite should be expected for cationic surfactants.
In order to study the effects of the counter ion type (Me) on the stability and reactivity of AOTMe aggregates, Giorgi et al investigated AOTNa solutions in the presence of various alkali metal salts by ESI-MS either in positive-39 or in negative 40 ion mode. The formation of positively charged surfactant aggre- gates, where the sodium ion is partially or totally replaced by the cation of the added salt as well as the occurrence of aggregates carrying small salt clusters in their interior, have been observed. 39 Neither solvated species nor bare salt clusters were detected. The absence of solvated species was attributed to the fact that surfactant head-surfactant head interactions are stronger than surfactant head-solvent interactions, while the absence of bare salt clusters revealed a coating effect of the surfactant alkyl chains allowing to stabilize the clusters both from decomposition as well as from unlimited growth. Moreover, ER-MS experiments have been carried out to obtain MS/MS spectra as a function of laboratory collision energy leading to breakdown graphs. MS/MS data showed consecutive or competitive losses of the neutral species AOTMe (Me = Na, Li, Rb, Cs) from the selected aggregate.
From the collision energy necessary to fragment 50% of the selected ion (CE 50% ), it was argued that the relative stability of different aggregates strongly depends on the identity of the alkali metal salt. In particular, in accordance with molecular dynamics simulations, 38 for positively charged aggregates the stability order is Li ≈ Na > K > Rb > Cs.
As to the negatively charged AOTMe aggregates, various species such as monometallated complexes, mixed metal ones and aggregates containing halide ions have been observed. It was suggested that the self-assembling driving force is the electrostatic interaction between the surfactant sulfonate head groups and the alkali metal ions and that the halide contribution to the aggregate stability is marginal and does not depend on the anion charge density. 40 ER-MS experiments demonstrated that the metal cation is mainly responsible for the stability of negatively charged aggregates which increases in the order Cs < Rb < K < Li < Na. DFT calculations showed that the most stable geometry for the surfactant aggregates is consistent with a reverse micellelike structure.
The first evidence of AOT 2 Me (Me = Ca 2+ , Mg 2+ , Co 2+ , Mn 2+ ) aggregates carrying water or methanol has been reported by Giorgi et al. 41 This feature, together with a decreasing abundance of solvated species with respect to unsolvated species on increasing the aggregation number, seems to indicate that solvent molecules are required in smaller aggregates to complete the coordination sphere of divalent metal ions. Moreover, AOTNa-divalent ions mainly dissociate through the breakage of the H 2 C-O bond followed by intramolecular dissociations. This behavior is different from that of positively charged AOT-alkaline metal ions, which are characterized by fragmentations dominated by the loss of neutral surfactant molecules and is consistent with an enhanced chelation of divalent ions with AOThead groups. Finally, ER-MS measurements on [AOT 2 NaMe] + ion show that their stability increases in the order Co < Ni < Ca < Mn ≈ Mg.
The aggregation patterns and the fragmentation pathways of AOTNa have also been studied by Burns et al. 42 using timeof-flight secondary ion mass spectrometry (ToF-SIMS). The authors analyzed, both in positive and in negative ion mode, thin solution-cast films prepared from AOTNa solutions in carbon tetrachloride above and below the CMC in this solvent.
AOTNa aggregates were detected in the positive spectra, corresponding to the repeating series [AOT n Na n + 1 ] + with n between 3 and 13 and, in negative spectra, corresponding to the repeating series [AOTN n Na n -1 ]with n between 4 and 14. From the reported fragmentation pattern, the authors suggested that aggregates arise from interactions between sodium and sulfate ions of surfactant head groups showing a reverse micelle-like structure. Since this was observed only when the surfactant concentration was above the AOTNa CMC, they proposed their experimental procedure as an innovative method for CMC determination.
Entrapment of species within gas phase surfactant aggregates
It is well known that reverse micelles formed by surfactants in the non-polar phase can entrap selected solutes in their interior. [43] [44] [45] [46] This behavior is also shared by the reverse micelle-like AOTNa charged aggregates in the gas phase. In fact, small salt clusters have been observed within the positively charged AOTMe (Me = Li, Na, K, Cs, Rb) aggregates 39 and AOT 2 Me (Me = Ca 2+ , Mg 2+ , Co 2+ , Mn 2+ ) clusters containing water or methanol have been described. 41 Also, Fang et al. reported a study on the encapsulation of amino acid into multiply charged AOTNa reverse micelles. 47, 48 It is interesting to note that aminoacids could be incorporated only when the micelle size is quite large, i.e. the incorporation starts when the micelle contains more than eight surfactant monomers. It was also shown that there is a strong correlation between the encapsulation capability and the size of gas-phase AOTNa aggregates; up to five glycine molecules can be incorporated when the aggregation number reaches 24. This suggests that Gly molecules are most likely placed in the hydrophilic core of the reverse micelles. CID has also been performed on selected AOTNa aggregate ions (both empty and Gly-encapsulating) including measurements of product ions and CID cross-sections over a KEcom range of 0.1-8.0 eV. These results confirm the dependence of glycine encapsulation on aggregate size. It is worth noting that no water molecules were detected within gas-phase AOTNa aggregates and that Gly and Na + compete for surfactant molecules. It was suggested that the encapsulated driving force of the amino acids is of an electrostatic nature and is favored by the protonation of the amino acid itself. This is confirmed by the lack of phloretic acid and naphtol incorporation in the reverse micelles. It has also been shown that amino acids could be selectively incorporated into the reverse micelle structure based on their capability to compete for a proton in the solution. It is of interest that reverse micelles containing amino acids are observed even when the AOTNa concentration is below the CMC. This is a further confirmation that AOTNa forms reverse micelles in the gas phase during the evaporation-ionization process.
When large reverse micelles are formed, they can entrap large molecules. In fact, as reported above, CTAB reverse micelles formed in ESI-MS with very large n (n > 300) are able to encapsulate myoglobin. 33 
Molecular dynamics simulations
Detailed knowledge on the energetics and structural features of positively-and negatively charged AOTNa aggregates in the gas phase up to an aggregation number of 20 was achieved by molecular dynamics (MD) simulations 38 It was found that, mainly driven by electrostatic interactions, all the aggregates display a reverse micelle-like structure with a very compact solid-like center occupied by Na + ions and surfactant heads, while the entire aggregate is shaped as an elongated and rather flat ellipsoid. It is of interest that an analysis of the total potential energy values for positively-and negatively monocharged aggregates led to the conclusion that the positively charged aggregates are more stable.
More recently, the effect of the aggregate charge state on the structure and stability of positively charged AOTNa aggregates has been reported. It was observed that the maximum charge state increases monotonously with the aggregation number and that, even for a charge state of +5, all stable aggregates show a reverse micelle-like structure. The longer axis of the ellipsoidal aggregates increases with the aggregation number and charge state. The fragmentation pattern of these aggregates has been found to be markedly impacted by the aggregate charge state. 49 Further interesting knowledge acquired by MD simulations suggests that the typical time scale necessary for a surfactant aggregate surrounded by a water nanodroplet to reach the droplet surface and to revert in water containing reverse micelles is about 10 nanoseconds, which is many orders of magnitude lower than the mass spectrometer time scale. 50 The supramolecular structure of cetyltrimethyl ammonium bromide plus myoglobin aggregates in the gas phase has been investigated by Wang et al. 51 It was found that the protein is covered by an oriented surfactant monolayer which is able to effectively preserve the myoglobin structure from the external.
Open questions, future prospects and potentialities
The investigations performed until now emphasize that some work has been done but more is required to definitely find a consensus on the main questions posed by surfactant selfassembling in the gas phase.
First is the so-called memory effect. Taking into account that electrospray conditions significantly alter the surfactant aggregation state, the meaningful question is how and why the structural organization of the surfactant in the gas phase depends on the nature and composition of the starting solution, whereas the question is meaningless if the aggregates observed in the gas phase are the same as those occurring in the starting solution (i.e. the mirror effect is only a badly posed query).
Another fundamental question is if the surfactant molecules form structurally organized aggregates characterized by spatially separated polar and apolar parts in the gas phase. According to the idea that the gas phase can be considered an apolar environment par excellence, it can be predicted that the most preferred organization is the reverse micelle-like aggregation. However, some significant changes can be expected due to the absence of an apolar solvent and the presence of a charge excess.
Therefore, more knowledge is required to assess the effect of the nature of the ESI solvent medium and experimental parameters (cone voltage, solution flow rate, preheating temperature, sheath gas temperature) on the aggregate abundance and size and charge state distribution. Taking into account that most of the studies on the aggregate structure, stability and fragmentation pattern concern the behavior of AOTNa, further investigations extending the surfactant type (anionic, cationic, zwitterionic, nonionic) and its chain length are mandatory.
The capability of these aggregates to incorporate solute molecules has been proved experimentally. 39, 47 However, further theoretical and experimental knowledge concerning the molecular details involved (i.e. preferential solubilization site, local orientation of solubilizate molecule, solubilizateaggregate mutual structural changes) is required as well as to explore the possibility of selectively incorporating solubilizates. The use of surfactants characterized by a chiral head group or an optical active metal counterion should be exploited, building up the gas phase aggregates able to recognize specific enantiomeric species or displaying novel optical properties. Moreover, the field of possible applications such as cleaning agents, gas-phase carriers of biomolecules and drugs also involving their structure and functionality preservation, synthesis of nanoparticles, thin film deposition and specialized reaction systems are still quite unexplored. Finally, taking into account that a multitude of globular surfactant aggregates can be produced spanning a large range in mass and charge, it seems appropriate to claim for the use of these molecules as standards for mass spectrometry and ion mobility apparatus. Grant for studies on "Non covalent interactions of d molecules with biomembrane models" in 2008.
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